Introduction {#s1}
============

Liver cancer can be divided into two groups based on the primary tumor site: (1) primary liver cancer (including hepatocellular carcinoma \[HCC\] and cholangiocarcinoma) and (2) metastatic cancer to the liver from a distant primary site. The most common type of adult primary liver cancer is HCC, which is usually discovered late in the disease course and generally has poor prognosis.[@b1] Although surgical resection (SR) is the best option for patients with HCC, only about 20--30% of patients are eligible for tumor resection at the time of diagnosis.[@b2],[@b3] Systemic chemotherapy does not significantly increase survival in patients with advanced HCC.[@b4],[@b5] Some cancers; such as colorectal, breast, carcinoid, and pancreatic cancer, melanoma, and renal cell carcinoma, that can metastasize to the liver are generally associated with poor prognosis as well. Given the lack of treatment options for these patients, new locoregional and systemic therapies are needed. Cryoablation under the guidance of many imaging methods can induce iceball formation and tumor necrosis and is an attractive option for treating unresectable HCC and metastatic liver cancer. Cryoablation has many advantages, including ability to visualize the iceball,[@b6],[@b7] activation of cryo-immunology in cancer,[@b8] lack of severe damage to large blood vessels,[@b9] and no causation of severe pain.[@b10] With the emergence of argon--helium cryoablation units, percutaneous cryosurgery (PC) is becoming a main treatment method in the field of cancer cryosurgery. The present review describes the mechanisms of liver tumor cryoablation, percutaneous cryoablation program selection, clinical efficiency, and the side effects associated with treatment.

Mechanisms of tissue injury {#s2}
===========================

Currently, two different argon-based cryoablation units are used in the clinical setting: the CRYO care System (EndoCare, Irvine, CA, USA) and Cryohit (Galil Medical, Yokneam, Israel). When high-pressure argon gas is circulated through the lumen of a cryoprobe, the temperature drops to −160 °C and an iceball forms at the tip of the probe. The iceball is thawed when helium gas is circulated through the probe lumen. This freezing and thawing process induces direct and indirect cell damage, causing tumor cell death. When the temperature drops during the freezing process, ice crystals form inside and outside the cell, osmotic pressure increases inside the cell, cell dehydration occurs, and the cell membrane is damaged.[@b11] Organelles, such as the mitochondria and endoplasmic reticulum, are irreversibly damaged, eventually leading to cell death. During the thawing process, recrystallization or the mutual confluence of tiny ice crystals leads to the formation of large ice crystals, which induce more damage to the cell. Extracellular water re-enters the cell at this stage, causing the cell to swell, eventually leading to more cell membrane damage. If the temperature of the frozen tissue is not sufficiently decreased, not all tumor cells will be killed despite apoptosis as the main form of cell death.[@b12] Since apoptosis does not guarantee the elimination of all target cells, incomplete tumor cell death will likely lead to tumor recurrence.

Cryosurgery is indirectly linked to tumor cell death by promoting arteriovenous injury via the formation of micro- and small arteriovenous ice crystals that cause vascular endothelial damage, increased vascular wall permeability, intravascular fluid extravasation, and interstitial edema.[@b13] Platelet aggregation, thrombosis, and eventual occlusion of blood flow also cause tumor tissue ischemia and hypoxia, which induces tumor cell death. The flow of blood in micro- and small arteries is three times faster than that of intravenous blood, and blood flow influences ice crystal formation. In the first freezing cycle, circulation of micro- and small arteries of the frozen area recovers 10\~20 min after thawing. In the second freezing cycle, micro- and small artery blood flow does not recover, whereas the circulation in large arteries recovers within 24 hours after cryosurgery.[@b14]--[@b17] After repeated freezing and thawing, cell rupture, cell membrane dissolution, and cell antigen release, the cryo-immunological response is triggered[@b8],[@b18] and the anti-tumor immune response that targets additional tumor cells is induced.[@b19]

Cryoablation program selection {#s3}
==============================

Several factors influence the effect of freezing, including freezing temperature, freezing time, thawing, and freezing time cycle number.[@b20] First, the freezing time controls the size of the iceball, which increases as freezing time increases until a dynamic balance of cold/heat exchange is achieved. As iceball formation can be visualized with ultrasound (US), computed tomography (CT), and magnetic resonance imaging (MRI),[@b20]--[@b22] it can be monitored accurately to ensure complete ablation. Second, the freezing temperature influences the effect of the cryosurgery. The temperature at the margin of the iceball is 0 °C, a temperature at which tumor cells can survive. Five mm inside the edge of the iceball, the temperature is approximately −20 °C to −50 °C, and tumor cells can be killed. Therefore, in order to achieve complete ablation of tumor tissue, the edge of the iceball must exceed that of the tumor by 1 cm.[@b23] Third, thawing and cycle times will affect the degree of necrosis,[@b12] where a longer thawing time leads to more tissue necrosis.[@b11] Whittaker[@b24] noted that thawing time will affect iceball formation, where large-scale intracellular ice crystals will form after the second freeze cycle. Repeated freezing cycles will increase the size of the iceball,[@b14],[@b25],[@b26] and the degree and area of permanent tissue necrosis caused by the iceball spreads outward as freezing cycles increase, thereby increasing the area of frozen necrosis.[@b27],[@b28] Since their freezing times are the same (20 min), the triple-freeze protocol may be a more powerful liver ablation method than the dual-freeze protocol demonstrated in a Tibetan pig model.[@b28]

As a single probe causes a smaller range of damage, more than two freezing probes are used for tumors exceeding 3 cm to increase the effective freezing range.[@b29] Hinshaw and Lee[@b23] reported that if there are no great vessels around the tumor, the best cryoprobe placement is two needles not greater than 2 cm apart within 1 cm of the edge of the tumor. If there is a large vessel adjacent to one of the tumor borders, the cryoprobes should be positioned closer to the vessel and more closely apposed, as "heat sink" has a critically important effect on isotherm size and shape. If there are multiple large blood vessels around the tumor, it is best to place the two cryoprobes less than 1 cm apart, 5 mm from the edge of the tumor.[@b23]

Altogether, the efficacy of cryosurgery is affected by argon flow to specific probes, the cryoablation program, and multiple probe selection. For liver cryosurgery, different cryoablation programs are carried out to ablate different lesions or lesions in different locations.

Clinical research (summarized in [Table 1](#t01){ref-type="table"}) {#s4}
===================================================================

###### Survival rates of patients after cryosurgery of hepatic tumors

                                 Tumor type                    Therapy type   Patients   1 year survival rate (%)   2 year survival rate (%)   3 year survival rate (%)   4 year survival rate (%)   5 year survival rate (%)
  ------------------------------ ----------------------------- -------------- ---------- -------------------------- -------------------------- -------------------------- -------------------------- --------------------------
  Zhou *et al.* [@b32]--[@b33]   HCC                           CRY            48         81.3                       62.1                       47.6                       44.4                       \-
  Chen *et al.* [@b20]           HCC                           CRY            \-         81.4                       \-                         60.3                       \-                         \-
  Li *et al.* [@b36]             SHCC                          CRY            \-         100.0                      \-                         77.6                       70.7                       \-
  Xu *et al.* [@b37]             Colorectal liver metastases   CRY            326        78.0                       62.0                       41.0                       34.0                       23.0
  Qian *et al.* [@b38]           Metastatic liver malignancy   CRY            22         81.8                       22.7                       \-                         \-                         \-
  Chen *et al.* [@b39]           Secondary Liver cancer        CRY            \-         80.2                       \-                         \-                         \-                         \-
  Recurrent liver cancer         CRY                           \-             46.2       \-                         \-                         \-                         \-                         
  Han *et al.* [@b40]            HCC                           CRY            116        85.7                       64.3                       32.1                       \-                         \-
  Xu *et al.* [@b42]             HCC                           CRY            420        73.0                       54.0                       \-                         49.0                       39.0
  HCC                            TACE+CRY                      \-             71.0       61.0                       \-                         29.0                       23.0                       

Note: SHCC, small HCC; CRY, cryotherapy

In this decade, PC is the main therapeutic intervention for the treatment of unresectable HCC. In 2003, Xu *et al.* [@b44] reported the use of PC in 105 masses from 65 patients with HCC. Among 41 patients who were followed for more than 1 year; 32 (78%) were alive despite tumor recurrence, seven patients (10.8%) died due to disease recurrence, and three patients (5%) died of non-cancer--related diseases ([Fig. 1](#f01){ref-type="fig"}). In a study of four patients with small HCC who underwent one PC with multiple 17-G cryoprobes, it was determined that this percutaneous technique, and not the laparotomic approach, should be applied for unresectable HCC.[@b30] In 300 cases of HCC, the therapeutic effect, safety, and complications of PC were evaluated, and the mean survival (months) of early-, intermediate-, and advanced-stage patients was 38.7 ± 3.8, 26.5 ± 4.2, and 16.9 ± 1.4, respectively.[@b31] There were serious complications in 17 patients (6%), including six with cold shock (2%), five with bleeding due to tumor rupture (2%), four with bleeding from stress gastric ulcer (1%), and two with liver failure (1%). In another study, the clinical effectiveness of percutaneous cryosurgical ablation for treating 48 patients with early-stage HCC was evaluated, and it was found that the 1, 2, 3, and 4 year survival rates were 81%, 62%, 48%, and 44%, respectively.[@b32],[@b33] In a series of 124 unresectable HCC cases, serum alpha-fetoprotein (AFP) levels were reduced in 76 patients (83%), and 205 of the 222 tumors (92%) diminished or were unchanged after cryoablation. The median survival time was 31.3, 17.4, and 6.8 months in the early-, intermediate-, and advanced-stage groups, respectively. In eight patients with primary or secondary small HCC (≤5 cm) after PC, six patients became AFP negative with a coagulation necrosis rate of 63%, and the 6 month and 1 year local recurrence--free survival rates were 100% and 88%, respectively.[@b34] Zhang investigated 227 patients with different stages of HCC treated with PC and found that advanced HCC was most sensitive to cryosurgery and that survival was significantly prolonged.[@b35] Using PC to treat patients with unresectable HCC, Chen *et al*.[@b20] found that the 1 and 3 year overall survival (OS) rates were 81%, and 60%, respectively, while the 1 and 3 year disease-free survival rates were 68% and 21%, respectively. The 1 and 3 year OS rates of patients with recurrent HCC were 70% and 29%, respectively, while the 1 and 3 year disease-free survival rates were 54% and 8%, respectively. When the therapeutic effect of PC and SR of small HCC were compared, it was found that the respective 1, 3, and 5 year OS rates of the PC and SR groups were 100%, 75%, and 67%, and 100%, 78%, and 71%.[@b36] The respective 1, 3, and 5 year recurrence-free survival rates of the PC and SR group were 83%, 46%, and 29%, and 84%, 48%, and 33%. These results suggested that PC is as effective as SR for treating solitary small HCC even though it is less invasive, requires a shorter hospitalization time, and less expensive than SR. Overall, these data demonstrate that PC is a viable treatment option for HCC.

![CT images of two patients (A and B) with HCC who underwent PC.\
(A1) Space-occupying lesion in the upper right part of the liver. (A2) Cryoprobe placement and resultant iceball formation. (A3) No lesion five years after treatment. (B1) Space-occupying lesion measuring 73 × 62 mm before treatment. (B2) Ultrasonography showing shrinkage of the tumor to 42 × 40 mm. Arrows indicate the tumor site.](JCTH-2-182-g001){#f01}

Similar to its use in primary liver cancer, cryosurgery also is advantageous for the treatment of metastatic liver cancer. In 326 patients with non-resectable hepatic colorectal metastases, 526 procedures of cryosurgery under US or CT guidance were performed.[@b37] Three months after cryosurgery, the elevated carcinoembryonic antigen levels in 78% of patients were restored to normal levels. Postoperative CT scan of the cryotreated lesions showed complete response in 15% of patients, partial response in 41% of patients, and stable disease in 24% of patients. The 1, 2, 3, 4, and 5 year OS rates after the treatment were 78%, 62%, 41%, 34%, and 23%, respectively ([Fig. 2](#f02){ref-type="fig"}). In 2005, Qian and colleagues[@b38] reported survival rates of 22 patients with histologically or clinically confirmed metastatic liver malignancy treated with PC. The 12, 18, and 24 month survival rates were 82%, 64%, and 23%, respectively. Chen *et al*.[@b39] reported that the 1 year survival rates of secondary and recurrent liver cancer patients treated with cryosurgery were 80% and 46%, respectively. In another study, 116 patients with unresectable HCC were divided into three groups: (A) interventional therapy, (B) 3-dimensional conformal radiotherapy, and (C) cryoablation therapy. The respective 1, 2, and 3 year survival rates in the A, B, and C groups were 15%, 64%, and 86%; 11%, 32%, and 64%; and 0%, 0%, and 32%. Taken together, these data suggest that PC is an acceptable new locoregional therapy for metastatic liver cancer.

![Liver imaging in two patients (A and B) with hepatic colorectal metastases.\
Complete ablation of histologically proven tumor was achieved after PC. (A1) MRI before cryosurgery. (A2) MRI during CT-guided PC. (A3) MRI at 12 months after cryosurgery. In the second patient, the massive lesion regressed completely in comparison to its size before cryosurgery (B1). (B2) Eight months after cryosurgery and TACE. Arrows indicate the tumor site.](JCTH-2-182-g002){#f02}

In order to optimize treatment strategies for liver cancer, cryoablation is often combined with other therapies, such as transarterial chemoembolization (TACE). Between July 2001 and June 2002, Qian *et al*.[@b41] assessed the indications, efficacy, and clinical significance of PC following TACE in 34 patients with histologically or clinically confirmed primary or metastatic carcinoma. During the 3--15 month follow-up period, 41% of patients were classified as clinically cured or effectively treated because their serum tumor markers were normal, or CT and MRI images revealed that the lesion had become completely necrotic. In a study on the use of sequential TACE and PC for treatment of unresectable HCC, the 1 and 2 year survival rates in the sequential group (71% and 61%, respectively) were similar to that of the cryo-alone group (73% and 54%, respectively). The 4 and 5 year survival rates of the sequential group were 49% and 39%, respectively, which were higher than that of the cryo-alone group (29% and 23%, respectively). While 18 patients with large HCC (\>5 cm diameter) survived for more than 5 years after sequential TACE and cryosurgery, no patient in this category survived more than five years with cryosurgery alone. The authors suggested that pre-cryosurgical TACE may increase the efficacy of cryoablation and decrease its adverse effects, especially bleeding. Therefore, sequential TACE and cryosurgery may be a better therapeutic option for unresectable HCC, especially large HCC. In another study comparing PC followed by TACE with TACE alone for advanced liver cancer, the rate of effectiveness of the combined group was 100% and only 47% in the TACE alone group.[@b43] When determining the effect of order for combination cryosurgery and TACE in 40 patients with advanced primary hepatic carcinoma, about half of patients exhibited complete tumor necrosis, and there was no significant difference between the TACE/sequential cryosurgery and cryosurgery/sequential TACE groups.[@b44] However, progression-free survival in the TACE/sequential cryosurgery group was significantly longer than that of the cryosurgery/sequential TACE group. Regarding combining cryoablation with gemcitabine + oxaliplatin for the treatment of advanced liver cancer, combination therapy was found to be more efficacious, reliable and safe than monotherapy.[@b45]

In a study with combination hepatic PC and percutaneous ethanol injection for unresectable HCC, 33 patients (51%) were tumor-free and 22 patients (34%) were alive with tumor recurrence during a mean follow-up period of 14 months (range 5--21 months). As cryoablation of tumors in multiple organs (i.e., liver, lung, kidney, breast, pancreas, and prostate[@b47]) has been demonstrated to be safe and effective, comprehensive cryoablation (simultaneous cryoablation of intrahepatic and extrahepatic tumors) significantly improves the survival of metastatic hepatocellular cancer, and timely or multiple treatments may both contribute more towards the therapeutic effects than delayed or single treatment.[@b48] Although cryosurgery can induce a cryo-immunological response,[@b8],[@b19] the anti-tumor immune response is insufficiently strong to prolong patient life. At the same time, immunotherapy mediated by autologous dendritic cells (DCs) is a promising treatment option for the long-lasting control of unresectable HCC.[@b49]--[@b51] Increased knowledge of vaccination using DCs co-cultured with cytokine-induced killer (CIK) cells has led to the formulation of better strategies in the clinical treatment of hepatic cancer.[@b52] Combining these approaches, Niu *et al*.[@b53] evaluated whether combination PC and DC-CIK immunotherapy can improve the therapeutic effect of cryosurgery for patients with metastatic hepatocellular cancer. To stimulate DC recognition of tumor antigens *in vivo*, harvested DC-CIKs were transfused into patients one week after cryosurgery. The median OS of the cryo--DC-CIK immunotherapy group (32 months) was higher than that of the cryotherapy group (18 months) and the untreated group (3 months), and multiple cryo-immunotherapy was associated with better prognosis than single cryo-immunotherapy.[@b53] Perhaps cryosurgery induces continuous antigen release *in vivo*, and the adoptive transfer of CIK cells along with DCs can present tumor antigens and destroy tumor cells in the body. Another advantage of cryosurgery is the destruction of the organ-like structural environment of a tumor, which is considered hostile toward immune cells. Altogether, it appears that PC and DC-CIK immunotherapy may be an alternative therapeutic option for improving survival in metastatic hepatocellular cancer.

Adverse effects (summarized in [Table 2](#t02){ref-type="table"}) {#s5}
=================================================================

###### Serious complications after hepatic cryoablation

                                                      Yang *et al.* [@b56]   Xu *et al.* [@b37]   Mu *et al.* [@b48]
  --------------------------------------------------- ---------------------- -------------------- --------------------
  Number of patients                                  300                    326                  33
  Cryoshock syndrome                                  6 (2.0%)               1 (0.3%)             \-
  Bleeding                                            5 (1.6%)               5 (1.5%)             6 (18.0%)
  Liver abscess                                       2 (0.6%)               3 (0.9%)             2 (6.0%)
  Liver failure                                       2 (0.6%)               1 (0.3%)             \-
  Liver dysfunction                                   7 (2.3%)               \-                   \-
  Biliary fistulas                                    \-                     3 (0.9%)             \-
  Intestinal fistulas                                 1 (0.3%)               \-                   \-
  Renal insufficiency                                 \-                     5 (1.5%)             \-
  Acute myocardial infarction and severe arrhythmia   6 (2%)                 2 (0.6%)             \-
  Pain                                                \-                     103 (31.6%)          13 (76.0%)
  Fever                                               6 (2%)                 108 (33.1%)          \-
  Increased liver enzymes                             \-                     124 (38.0%)          \-
  Thrombocytopenia                                    \-                     58 (17.8%)           7 (21.0%)
  Pleural effusion                                    \-                     20 (6.1%)            2 (6.0%)
  Liver capsular cracking                             1 (0.3%)               \-                   1 (3.0%)
  Gastric mucosal lesion--induced hemorrhage          4 (1.3%)               \-                   \-

Adverse effects of varying degrees of severity during and after hepatic cryoablation have been documented. In liquid nitrogen ablation, the frequency of adverse effects may be as high as 40% and include liver parenchyma fracture, cryoshock, acute myocardial infarction, biliary fistula, hemorrhage, cold-induced lesions in nearby structures, thrombocytopenia, and coagulopathy.[@b54],[@b55] Hepatic cryoablation--related mortality is 1.5%,[@b56] almost the same as that for liver resection. There are relatively fewer and milder adverse effects associated with percutaneous cryoablation than liquid nitrogen cryoablation. Serious complications, including hepatic failure, rupture, and cold shock, are occasionally observed after the procedure.[@b37],[@b48]

In one study of 300 HCC patients who underwent US-guided PC, 6% developed serious complications, including cryoshock syndrome in six patients, hepatic bleeding in five, stress-induced gastric bleeding in four, liver abscess in one, intestinal fistulas in one, and death due to liver failure in two.[@b57] Cold shock, a rare and serious complication of hepatic cryoablation, has garnered much attention from clinical researchers. The clinical features of cold shock include varying degrees of renal failure, disseminated intravascular coagulation, and adult respiratory distress syndrome. Its occurrence is proportional to the size of the frozen tissue, and often happens when the diameter of the area frozen exceeds 6 cm.[@b58]

Alternatively, freezing time rather than frozen area may be much more important for the occurrence of cold shock.[@b59] Another potentially serious complication that can lead to death is an argon--helium gas embolism.[@b60] Minor complications due to PC are chills, fever, hepatic region pain, and elevated serum enzymes, which can be efficiently controlled with symptomatic treatment.[@b37],[@b48] Coagulopathy, another complication of hepatic cryoablation, occurs due to the trapping and destruction of local platelets within the margin of the cryolesion.[@b61]--[@b63] The development of thrombocytopenia is associated with increased length of stay and mortality.[@b64]--[@b66] Although thrombocytopenia is considered relative to the volume of frozen tissue,[@b63],[@b67] the number of freeze--thaw cycles, and the number of cryoprobes,[@b68] Shi *et al*.[@b69] showed that the diameter of the ablation does not limit the tendency of platelets to change. Slight coagulopathy (platelet count \[70--100\] × 10^9^/L) can recover naturally within a week, and recombinant human interleukin-11 can assist recovery from severe coagulopathy (platelet count \< 70 × 10^9^/L).[@b69] At the same time, PC of hepatic tumors may cause short-term pain in some patients, which disappears within 15 days, and the effect of alleviating cancer pain is sustained for \>8 weeks without severe side effects.[@b70] Tumor seeding can be detected in 0.8% of patients at 1--24 months (median, 6 months) after cryoablation.[@b71],^72^

Therefore, monitoring liver function and detecting blood coagulation and renal function are very important before or after hepatic cryoablation. Cryosurgery program selection, accuracy of preoperative localization, and the frozen range all can affect the occurrence of complications. To avoid serious complications, all patients should be given diuretics and mannitol, and their urine alkalized to prevent myoglobinuria and renal injury.

Conclusions {#s6}
===========

Experimental and clinical applications have shown that hepatic cryosurgery is safe and efficacious. Iceball formation can be monitored visually, and cryoablation has little impact on nearby large blood vessels. Cryosurgery can be performed on its own or in combination with other methods, such as radiation therapy, chemotherapy, immunology, or surgery, to control disease. In the future, the safety and efficacy of hepatic cryosurgery in specific areas of the liver lobe close to the diaphragm and gall bladder should be examined. Presently, there are several ablation techniques available for hepatic cancer, such as radiofrequency, microwave, irreversible electroporation, and cryosurgery. The ability to compare these techniques and to know which patients are the best candidates for each technique is of great importance. Simultaneously, optimizing therapeutic conditions to enhance the efficacy and safety of combination cryosurgery with other therapies requires further investigation.
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